Co-localization of glucose oxidase and catalase enabled by a self-assembly approach: matching between molecular dimensions and hierarchical pore sizes by Zhuang, Wei et al.
Accepted Manuscript
Co-localization of glucose oxidase and catalase enabled by a self-assembly ap-
proach: Matching between molecular dimensions and hierarchical pore sizes
Wei Zhuang, Jinsha Huang, Xiaojing Liu, Lei Ge, Huanqing Niu, Zhenfu Wang,
Jinglan Wu, Pengpeng Yang, Yong Chen, Hanjie Ying
PII: S0308-8146(18)31649-2
DOI: https://doi.org/10.1016/j.foodchem.2018.09.077
Reference: FOCH 23564
To appear in: Food Chemistry
Received Date: 4 April 2018
Revised Date: 6 September 2018
Accepted Date: 12 September 2018
Please cite this article as: Zhuang, W., Huang, J., Liu, X., Ge, L., Niu, H., Wang, Z., Wu, J., Yang, P., Chen, Y.,
Ying, H., Co-localization of glucose oxidase and catalase enabled by a self-assembly approach: Matching between
molecular dimensions and hierarchical pore sizes, Food Chemistry (2018), doi: https://doi.org/10.1016/j.foodchem.
2018.09.077
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
  
1 
 
Co-localization of glucose oxidase and catalase enabled by a 
self-assembly approach: Matching between molecular dimensions 
and hierarchical pore sizes 
 
Wei Zhuang
a,b,c,
*, Jinsha Huang
a,b
, Xiaojing Liu
a,b
, Lei Ge
d
, Huanqing Niu
a,b
, 
Zhenfu Wang
a,b
, Jinglan Wu
a,b
, Pengpeng Yang
a,b
, Yong Chen
a,b
, Hanjie Ying
a,b
  
 
a
State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing Tech 
University, No. 5, Xinmofan Road, Nanjing 210009, China 
b
College of Biotechnology and Pharmaceutical Engineering, National Engineering 
Technique Research Center for Biotechnology, Nanjing Tech University, No. 30, 
Puzhu South Road, Nanjing 211816, China 
c
School of Chemical Engineering, The University of Queensland, St Lucia, 
Queensland 4072, Australia 
d
Centre for Future Materials, University of Southern Queensland, Springfield, 
Queensland 4300, Australia 
 
*To whom correspondence should be addressed. 
Contact information: 
Dr. Wei Zhuang 
Email: weizhuang@njtech.edu.cn  
  
2 
 
Abstract 
To achieve efficient one-step production of gluconic acid, cascade reactions of 
glucose oxidase (GOD) and catalase (CAT) have been advocated in the biocatalysis 
system. In this work, the methodology of co-immobilization of GOD and CAT was 
investigated in details for obtaining improved enzyme loading and activity. The 
maximum adsorption capability of GOD and CAT was 24.18 and 14.33 mg·g
-1
, 
respectively. The matching between dimensions of enzymes and hierarchical pore 
sizes of carriers are critical to the success of immobilization process. The 
simultaneous self-assembly on glutaraldehyde cross-linked mesoporous carriers 
exhibited favorable properties in comparison with sequential immobilization of GOD 
and CAT. The conversion of glucose under adequate air by co-localized GOD&CAT 
sustained the activity more than 90% after repeated utilization in the production of 
sodium gluconate and gluconic acid, suggesting that the co-immobilized GOD&CAT 
could be a promising catalyst for gluconate and gluconic acid production in some 
chemical and food industries.  
 
Key words: Pore structure; Gluconic acid; Adsorption capacity; Self-assembly 
approach; Multi-enzyme immobilization  
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1. Introduction 
Biocatalysts are economic and environmentally friendly and widely used in the 
fields of science and industry due to their substrate specificity and stability under 
extreme conditions (Bornscheuer, 2016; Bornscheuer, Huisman, Kazlauskas, Lutz, 
Moore, & Robins, 2012). As a matter of fact, many reactions are catalyzed by 
multi-enzymes to eliminate the side effect of intermediates. Cascade reaction is a 
highly effective way where highly ordered assembled enzymes are used (Y. Zhang, 
Tsitkov, & Hess, 2016). Despite multi-enzyme systems have been studied extensively, 
the process still suffer from low space-time yield because the catalysis environment 
may do harsh to some kind of the enzyme and non-recyclability of the free enzymes 
(Bankar, Bule, Singhal, & Ananthanarayan, 2011; Liu, Hickey, Guo, Earl, Abdellaoui, 
Milton, et al., 2017). The immobilization can be one effective method to address 
above issues, which the intermediates are transported between the different active 
sites on enzyme subunits without leaving the immobilized enzyme (DiCosimo, 
McAuliffe, Poulose, & Bohlmann, 2013).  
The common strategies of co-localizing multi-enzymes are based on the single 
enzyme immobilization techniques (Ozyilmaz & Tukel, 2007). Yet, the single 
immobilization methods do not involve or effectively address the relative position of 
multiple enzymes(Schoffelen & van Hest, 2012). To select a rational strategy in 
multi-enzyme co-localization, the structure and function of each enzyme need to be 
considered as the discrepancy of each individual enzyme in the resistance of 
environmental conditions (Fu, Yang, Johnson-Buck, Liu, Liu, Walter, et al., 2014; Sun, 
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Ge, Liu, Lan, Zhang, Wang, et al., 2014). Since enzymes are typical large molecules, 
it tends to cause steric hindrance in the process of co-immobilization and influence the 
distribution and proximity of multiple enzymes. Moreover, enzyme-carrier interaction 
is also important for obtaining high loading capacity and catalytic activity 
simultaneously (Zhuang, Zhang, He, An, Li, Ying, et al., 2017). Non-specific 
interaction would induce the conformational change of protein and reduce the enzyme 
activity (Hanefeld, Gardossi, & Magner, 2009). The common structural features of 
various enzymes would aggrandize difficulty in the selectivity of enzyme on carrier. 
Last but not least, to explore the efficient collaborative catalytic mechanism of 
co-localized enzymes, the relative position should be carefully controlled (Tian, Guo, 
Lin, Zhang, Yuan, & Liang, 2016). Hence, the selection of appropriate carrier and 
immobilization method needs to be further investigated.  
Porous materials with large surface areas can be suitable candidates, showing 
potentials to balance the enzyme loading efficiency and immobilized enzyme activity 
(Bankar, Bule, Singhal, & Ananthanarayan, 2011). The trade-off of size between pores 
and enzymes has a significant influence on the stability of immobilized enzymes. 
Large molecular cannot enter into the small holes, while overlarge pores would result 
in enzyme leaching (Patterson, Schwarz, Waters, Gedeon, & Douglas, 2014). 
Consequently, to improve the loading of enzyme on carriers, it is effective to adjust 
the pore size and surface function group via modification of pore surface and highly 
ordered enzyme assembly (Bayne, Ulijn, & Halling, 2013). Weina Xu and coworkers 
have coated activated carbon with Concanavalin A appealing for high performance 
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enzymatic catalysis with high yield of enzymatic activity and improved stability 
against pH and temperature (Xu, Yong, Wang, Jiang, Wu, & Liu, 2017).  
Glucose oxidase (GOD) is a dimer flavoprotein with one ferrous ion and one 
FAD prosthetic group in each subunit and the two chains of glyprotein is linked with 
each other via disulfide bonds (Bankar, Bule, Singhal, & Ananthanarayan, 2009). 
With molecular oxygen as an electron acceptor, glucose oxidase can promote the 
oxidation of β-D-glucose to D-glucono-δ-lactone and H2O2 (Y. Zhang, Tsitkov, & 
Hess, 2016). Subsequently, D-glucono-δ-lactone is non-enzymatically hydrolyzed to 
gluconic acid and the flavine adenine dinucucleotide (FAD) ring of GOD is reduced to 
FADH2. However, H2O2 is notorious for its excessive coverage of GOD active sites. 
In order to suppress the limitation, CAT is added for its outstanding capacity to 
decompose toxic H2O2 into valuable O2 which can be used for another oxidation 
reaction of glucose(Rocker, Schmitt, Pasch, Ebert, & Grossmann, 2016). In the 
previous literatures, many applications of cascade reaction of GOD and CAT have 
been exploited. As we know, there is no report on the self-aseembly of multi-enzymes 
for cascade bioreactions. 
Gluconic acid (C6H12O7) and its derivatives are exceptional intermediates with 
many uses in industrial applications, such as pharmaceutical, food, textile, detergent, 
leather, photographic and other biological industries (Canete-Rodriguez, 
Santos-Duenas, Jimenez-Hornero, Ehrenreich, Liebl, & Garcia-Garcia, 2016; 
Godjevargova, Dayal, & Turmanova, 2004). Gluconic acid can be obtained from 
oxidation/metabolism of glucose through chemical or microbial strategy (Bourdillon, 
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Lortie, & Laval, 1988; Dowdells, Jones, Mattey, Benčina, Legiša, & Mousdale, 2010). 
Although fermentation has prevailed at the industrial scale, the biochemical process 
using glucose oxidase instead of cells has attracted much attention for its simplicity 
with no cell separation and little formation of by-products (Decamps, Joye, Haltrich, 
Nicolas, Courtin, & Delcour, 2012; Godjevargova, Dayal, & Turmanova, 2004). 
Hence, for most large-scale industrial production procedure, GOD and CAT cascade 
reaction is used due to its mild operating conditions, simple separation process and 
lower energy consumption.  
In this work, we fabricated a cascade GOD-CAT catalytic system on 
glutaraldehyde modified porous amino resin. Adsorption curves and BET 
characterization were utilized to analyze the relationship between molecular 
dimensions of enzymes and hierarchical pore sizes of carriers during the 
self-assembled procedure of GOD and CAT. The investigation of the immobilization 
sequence of GOD and CAT was carried out for comparison. By varying the synthetic 
process, superior activation of desired reactions by GOD and CAT can be achieved. 
The leakage of enzymes could be mitigated via chemical bonding, and also amino 
groups on the carrier could prevent the enzyme deactivation in low pH conditions.  
 
  
  
7 
 
2. Materials and methods  
2.1 Materials and chemicals  
    Glucose Oxidase (GOD, 22.43 mg·mL
-1
, 1833 U·mL
-1
) and catalase (CAT, 16.68 
mg·mL
-1
, 5533 U·mL
-1
) were purchased from Novozymes (Tianjin, China). 
Glutaraldehyde (50% aqueous solution) was purchased from Aladdin Reagent 
(Shanghai, China). All chemicals were analytical grade. Porous support (HA) used 
throughout the study was made and stored in our laboratory (Cheng, Zhuang, Tang, 
Chen, Wu, Guo, et al., 2017) and it was highly stable both chemically and 
mechanically in aqueous solution. The synthetic of HA-Glu was performed according 
to our previous protocol (He, Liu, Huang, Zhuang, & Ying, 2016; Huang, Zhuang, 
Wei, Mu, Zhu, Zhu, et al., 2018; Zhuang, He, Zhu, Zheng, Liu, Dong, et al., 2016) 
and it was employed via chemical bonding between –NH2 of resin and –CHO of 
glutaraldehyde.  
2.2 Determination of enzymatic activities and protein concentration 
    The GOD activity was measured by the titration method (Bankar, Bule, Singhal, 
& Ananthanarayan, 2009) using glucose as the substrate. The method was performed 
in the following manners: 1 g co-immobilized enzyme HA-Glu-CAT&GOD or 1 mL 
soluble CAT&GOD (U: U=1: 1) was added into 20 mL phosphate buffer (0.2 M, pH 
6.0) containing 2.5% glucose independently. The reaction was conducted in air at 30 
o
C for 1 h in a rotary shaker at 200 rpm and then stopped by adding sodium hydroxide 
solution (30 mL, 0.1 M). The resulting mixture was titrated with standard 
hydrochloric acid (HCl) solution to calculate volume of added standard HCl with 
  
8 
 
phenolphthalein as indicator. The blank assay (enzyme was not added) was performed 
under the same experimental condition. Thereby calculated equation GOD activity 
was described as follows:  
Enzyme (U·g
-1
) = (V0   V)   c   1000   60                 (1) 
   Where V0 is volume of added standard HCl solution in blank assay, mL; V is 
volume of added standard HCl solution in hydrolysis assay, mL; c is the concentration 
of standard HCl solution, M;  
    The protein concentration was essayed according to Bradford’s methods 
(Bradford, 1976) using Coomassie Brilliant Blue-G 250 reagent with bovine serum 
albumin as a reference.  
2.3 The adsorption properties of HA-Glu for GOD and CAT  
    The adsorption behaviors of GOD/CAT on the HA-Glu resin at room temperature 
was investigated in terms of Langmuir isotherm models. 1 g HA-Glu was suspended 
into 30 mL GOD or CAT with different concentration ranging from 0 to 0.9 mg·mL
-1 
to detect the maximum adsorption capacity of GOD and CAT.  
2.4 Preparation of co-immobilization enzymes  
Immobilization sequences  
    Parameters of the immobilization process and amounts of immobilized GOD and 
CAT was shown in Table S1. The co-immobilization was performed with three 
various sequences. (1) HA-Glu-CG: the activated carrier HA-Glu was first used to 
absorb CAT. Afterwards, HA-Glu-CAT was taken out and added into fresh GOD 
solution. (2) HA-Glu-G+C: HA-Glu was first immersed into GOD solution following 
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by fresh CAT solution. (3) HA-Glu-CAT&GOD: first of all, CAT and GOD solution 
were mixed together and the support HA-Glu was utilized to absorb CAT and GOD at 
the same time.  
    The amount of supports (HA), CAT and GOD used in each immobilization 
method was 100 g, 336.45 mg and 83.40 mg. And all assays were carried out in 500 
mL phosphate buffer (0.2 M and pH 6.4) under shaking condition (150 r·min
-1
) at 
room temperature for 10 h and the carriers were washed with phosphate buffer (0.2 M 
and pH 6.4) to remove unbounded or loosely bounded enzymes before further use 
after each step. In the end, immobilized enzymes were stored at 4 
o
C later on used to 
determine the properties of co-immobilized enzyme via hydrolysis reaction. 
Co-immobilization methods  
    During the immobilization procedure, immobilization was performed in the 
following manners: (1) adsorption-crosslinking (AC): mixed CAT&GOD solution was 
immobilized onto plain resin HA. Then the immobilized CAT&GOD was added into 
glutaraldehyde solution (2%, v/v). (2) crosslinking- adsorption (CA): HA was first 
activated with glutaraldehyde solution (2%, v/v) following by the adsorption of mixed 
CAT&GOD solution. (3) crosslinking-adsorption-crosslinking (CAC): 
HA-Glu-CAT&GOD in section (2) was crosslinked with glutaraldehyde solution (2%, 
v/v) under shaking condition forming a new stable immobilized enzyme.  
2.5 Properties of immobilized and free enzymes  
Optimum pH and temperature of immobilized and free enzymes 
    The optimal pH of free and immobilized enzymes (1 g) was investigated in 25 
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mL substrate with 40 mg·mL
-1
 glucose from 4.0 to 7.0 at 30 
o
C. To determine the 
optimal temperature, enzyme assay was investigated from 20 
o
C to 40
 o
C in glucose 
buffer solution at pH 6.0. All reactions were performed according to the method of 
enzyme assay. The maximum concentration of product was considered as 100%, 
while the relative activity was calculated by the following equation： 
                              (2) 
    Where c is the concentration of product detected at any pH or temperature in 
mg·mL
-1
 and cmax is the maximum concentration of product detected at all 
pH/temperature conditions in mg·mL
-1
. 
  
Determination of kinetic parameters  
    The kinetic parameters of soluble and immobilized enzyme were determined by 
measuring the initial reaction rate with an increasing concentration of glucose ranging 
from 10-100 mg·mL
-1
. The reactions were conducted in PBS buffer at 30 
o
C for 1 h. 
The Michaelis–Menten Constant (Km) and maximum reaction velocity (Vmax) values 
were calculated by Lineweaver-Burk analysis method.  
Reusability and Acid-resistivity of the co-localized enzymes  
200 g of co-immobilized enzymes was added into a NBS fermentation tank (5 L) 
with 2 L glucose solution (100 mg·mL
-1
 in PBS buffer 0.2 M and pH 6.0) at 35 
o
C 
under air/O2 with the flow rate of 12 L·min
-1
. And simultaneously, NaOH (0.1 M) was 
slowly fed to maintain the pH of the reaction system until the substrate was 
completely catalyzed to products. After each circulation, catalysts were taken out and 
washed with appropriate buffer twice to remove the residual substrate and product 
  
11 
 
adhered on the supports. Then the catalysts were immersed into identically fresh 
substrate for another circulation. HPLC were used to analyze the samples of each 
batch. The transformation rate of glucose for the first time was taken as 100% for 
calculating the relative activity of every batch.  
In order to test the acid-resistivity, catalysis reactions were conducted without 
NaOH addition, and then catalysts were taken out and washed with deionized water 
until reaction was completely finished. Then the enzyme was used repeatedly and the 
detection and calculation methods were the same with that in the experiment of 
Reusability.  
    All the profiles of enzyme activity were calculated in terms of GOD.  
    All the assays were performed thrice to make sure their repeatability and the 
results in figures and tables are expressed as average ± SD, p < 0.05.  
2.6 Structural characteristics  
The external and internal morphology of microspheres were characterized by a high 
resolution field emission scanning electron microscopy (FESEM, Hitachi S-4800). 
Fourier Transform Infrared Spectroscopy (FTIR) spectrum was recorded within the 
4000 to 400 cm
-1
 wavenumber to determine the changes of surface chemical groups 
during the process of modification and immobilization. The nitrogen adsorption and 
desorption isotherms (TristarⅡ3020，Micromertics) and pore parameters of prepared 
samples were analyzed by BET and BJH method. Thermogravimetric analysis (TGA) 
of microspheres was carried out in air flow from 20-500 
o
C with a heating rate of 10 
o
C·min
-1
.  
  
12 
 
  
  
13 
 
3. Results and discussion  
 
Fig. 1. FESEM images of amino resin microsphere: (a) the surface of resin 
particle, (b) magnification of surface structure, (c) the internal structure of the resin 
particle, and (d) magnification of inner structure 
 
The morphology of microspheres was characterized by high resolution field 
emission scanning electron microscopy (FESEM). Fig. 1a illustrated the spherical 
particles with uniform diameter of 200 μm and Fig. 1b showed the surface 
well-proportioned pores, similar to previous report (Gilani, Najafpour, Moghadamnia, 
& Kamaruddin, 2016). Fig. 1(c, d) shows the internal cross-sectional structure of the 
resin particle. The aggregation of nanoparticles forms fluffy structure and ample pores 
at about 20 nm, which can be suitable for enzyme immobilization.   
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Fig. 2. Langmuir isotherm model for the adsorption equilibrium: (a) CAT; (b) 
GOD; adsorption curves of amino resin for various concentrations of (c) CAT, (d) 
GOD; adsorption curves of resin adsorbed the different amount of enzymes for the 
same concentration of (e) GOD, (f) CAT.  
 
To investigate the adsorption behavior of CAT and GOD on HA-Glu, the 
adsorption isotherms at 25 
o
C were studied. Fig. 2 (a, b) illustrated the dependence 
  
15 
 
of the amount of adsorbed CAT and GOD upon HA-Glu with varying concentration of 
protein in the solution, together with the prediction curves calculated by Langmuir 
model (Gong, Zhu, Xu, Wang, Tsabing, Wu, et al., 2017). The experimental data 
fitted fairly well with the calculated results, indicated by high R
2
 values above 0.99. 
As the initial concentration of enzyme increases, the quantity of adsorbed CAT or 
GOD increases hyperbolically before reaching equilibrium at the concentration of 
0.2 mg·mL
-1
. The monolayer maximum adsorption capability of CAT and GOD 
was 14.33 and 24.18 mg·g
-1
, respectively. The difference in the adsorption 
capability of proteins on the porous beads was due to the discrepancy in the 
molecule dimensions between CAT (7 10 8 nm) and GOD (7 5.5 8 nm). The 
small molecule can diffuse into the very narrow pores in the carrier. 
Fig. 2 (c, d) shows the adsorption kinetic curves of amino resins for CAT (c) and 
GOD (d) under different protein initial concentrations. The combination of GOD and 
CAT were completed within 60 min. The revealing rapid mass transfer rate of protein 
on or inside the porous HA-Glu may be probably related to the uniform pore structure 
of the supports (see Fig. 1 and Fig. 3) (Bankar, Bule, Singhal, & Ananthanarayan, 
2011; Y. Zhang, Tsitkov, & Hess, 2016). The diffusion resistance of small molecules is 
lower than that of large molecules, thereby facilitating the rapid mass transfer of GOD. 
Likewise, large amount of well-distributed mesoporous (average size of particles: 
21.14 nm) made it easier for protein to penetrate into the pore. The adsorption amount 
of protein augmented with the increment of concentration. As shown in Table S1, the 
amount of bound GOD was 8.56, 20.86 and 21.64 mg·g
-1
 resin when the amount of 
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GOD was 9.0, 21.0 and 28.0 mg individually. Similarly, the amount of bound CAT 
was 2.73, 6.65 and 13.37 mg·g
-1
 resin when the amount of GOD was 3.5, 7.0 and 14.0 
mg respectively. Matching well with Fig.2, larger diffusivity and adsorption capacity 
of GOD can be observed than those of CAT due to their dimension discrepancy.  
Fig. 2 (e, f) and Table S1 illustrate the adsorption capacity of the second enzyme 
with the same initial concentration in the sequential co-immobilized CAT&GOD 
process. As can be seen in Fig. 2e, the adsorbed CAT at the first place and the CAT 
adsorbed amount have negligible influence on the adsorption capacity of GOD. The 
trend was in accordance with the sequential co-immobilization of GOD and CAT onto 
florisil carrier with large surface area (Ozyilmaz & Tukel, 2007). In addition, the 
amount of CAT on HA-Glu-G was larger than that of GOD on HA-Glu-C and 
dimensional discrepancy of GOD and CAT could account for the phenomenon. On the 
other hand, if GOD is immobilized onto the carrier firstly (Fig. 2f), larger amount of 
pore will be blocked, leading to low adsorption of large sized CAT.  
Fig. 3 presents the N2 adsorption-desorption isotherms and pore size distribution 
curves of porous carriers during the process of adsorption. The obvious type-IV 
isotherms of samples together with the visible hysteresis loop indicate the dominant of 
mesopores. Besides, the characteristic of uniform pore size distribution fits well with 
the observed morphology (Fig.1).  
Table S2 shows the surface area, pore volume, and mean pore size of the samples. 
The variation in SBET and Vtotal can effectively account for the adsorption capacity 
discrepancy of GOD and CAT in the sequential co-immobilization procedure. The 
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reduced SBET after immobilizing GOD and CAT separately on HA-Glu were attributed 
to that enzyme molecules permeated into the interior pore and occupied the surface of 
it. Furthermore, compared to that of HA-Glu-C, the SBET of HA-Glu-G decreased from 
134.6 m
2
·g
-1
 to 79.9 m
2
·g
-1
and Vtotal decreased from 0.71 cm
3
·g
-1
 to 0.51 cm
3
·g
-1
, as 
shown in Table S2. The observed results suggest that (1) the bounded amount of GOD 
is higher as shown in Fig 2 and Table S1; (2) GOD with smaller size could take up the 
smaller pores and stack tightly on the surface; (3) there are still some small pores that 
CAT could not enter and the fluffy stacked CAT will cut large holes into smaller ones.  
 
Fig. 3. N2 adsorption-desorption isotherm and pore size distribution curve (inset) 
of samples: (a) HA; (b) HA-Glu; (c) HA-Glu-C; (d) HA-Glu-G; (e) HA-Glu-CG; (f) 
HA-Glu-GC;  
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For the sake of better catalytic activity, the second enzyme of GOD was 
immobilized on the carriers with different enzyme molecular. The SBET increased to 
112.5 m
2
·g
-1
 
for HA-Glu-C+G and 102.5 m
2
·g
-1
 
for HA-Glu-C+G. The phenomenon 
verified that the second enzyme can be piled above another successfully but loosely.  
The optimum co-immobilization conditions are illustrated in Fig. 4. 
Immobilization was carried out by three different methods. As can be seen in Fig. 
4a, the immobilized CAT&GOD derived from the Crosslinking-Adsorption (CA) 
method exhibited a better activity than that of Adsorption-Crosslingking (AC) and 
Crosslinking-Adsorption- Crosslinking (CAC). Glutaraldehyde, a bi-functional 
reagent, has been widely used as an activator of supports, and crosslinker of 
enzymes and supports. It may spontaneously be polymerized to tetramer, pentamer 
and polymer in aqueous solution (Barbosa, Ortiz, Berenguer-Murcia, Torres, 
Rodrigues, & Fernandez-Lafuente, 2014).   
Compared to AC and CAC methods, , less free aldehyde groups were left by 
using the CA method , due to glutaraldehyde may be polymerized with each other 
and then absorbed onto the surface of HA or polymerization with each other on the 
surface of HA (Li, Chen, Chen, Liu, Niu, Xiong, et al., 2012). In addition, if the 
enzyme was first cross-linked with glutaraldehyde, the intermolecular crosslinked 
protein can only be immobilized on the surface of carrier instead of penetrat ing 
into the interior. Likewise, enzyme crosslinked by glutaraldehyde before or after 
immobilization can lead to conformation change and reduce enzyme activity. 
Hence, immobilization on activated resin HA-Glu by space-arm of glutaraldehyde 
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can be the optimal process.  
 
Fig. 4. Optimization of the Co-immobilization process: (a) immobilization 
methods; (b) immobilization sequences; (c) enzyme activity ratio of GOD/CAT (U/U); 
(d) enzyme dosage; (e) adsorption pH; (f) adsorption temperature.  
 
Enzyme activity is an essential parameter to evaluate the immobilization 
methods. Since the purpose of co-immobilization is to prevent the toxic effect of H2O2 
on GOD, the activity of sequential and simultaneous co-immobilized CAT and GOD 
was compared in Fig. 4b. Taking the catalytic activity of simultaneous 
co-immobilized CAT&GOD as the reference, the sequential ones compared poorly 
with that of simultaneous one, maintained 85% and 69% for HA-Glu-C+G and 
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HA-Glu-G+C separately. That is due to the reduced distance between the two 
enzymes. The position and distance of GOD and CAT are crucial factors to determine 
the enzyme activity and reaction rate in cascade reaction. Reduced inter-enzyme 
distances by coupling strategy accelerates the removal efficiency of H2O2 and prevent 
GOD against inactivation. Therefore, simultaneous co-immobilization CAT&GOD 
expresses better overall reaction efficiency.  
H2O2 generated from the oxidation reaction of GOD was the feed of CAT 
(Vuong, Foumani, MacCormick, Kwan, & Master, 2016). To eliminate its ill 
effects in the cascade system and improve the catalytic efficiency, the enzyme 
activity ratio of GOD/CAT was investigated (Bedrin, Arnautovic, Heywood, Raja, 
Simha, & Donaldson, 2011). Fig. 4c described the optimal activity ratio was 1:1 
and the H2O2 generated could be assumed immediately. The relative activity rose 
rapidly below the equal ratio. But it turned to opposite tendency when the ratio 
was over 1. Excessive CAT occupied the adsorption sites on the surface of HA-Glu, 
leading to reduce absorbed GOD. Furthermore, the larger amount of CAT may 
block the active sites and widen the distance between CAT and GOD, resulting in 
the activity deterioration.  
  The enzyme dosage was optimized in this study by considering its impact on 
the final properties of the enzyme (Fig. 4d). The maximum catalytic activity was 
obtained when protein loading was 13 mg per gram of HA-GLu. The activity 
declined with the enzyme dosage when the protein loading was over 13 mg·g
-1
. 
Preliminary study (Dhar, Samiotakis, Ebbinghaus, Nienhaus, Homouz, Gruebele, 
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et al., 2010) has demonstrated that the excessive enzyme loading may reduce 
enzyme mobility and multi-layer adsorption would block the active sites of 
enzyme. Pro rata if appropriate, it could avoid the chain of one enzyme crashing 
versus the protein molecules surrounding it and maintain better activity.  
To elucidate the contribution of adsorption pH on CAT&GOD activity, pH 
effects were examined. As shown in Fig. 4e, the highest activity of immobilized 
enzyme was obtained at pH 6.4. On one hand, the pH value can determine the 
ionization of the functional groups on the surface of enzyme and the catalytic activity. 
On the other, high pH can favor aldehyde-amine condensation reaction (Bradford, 
1976; J. Zhang, Zhou, Wang, Wang, Zhou, Wang, et al., 2013). But excessive 
crosslinking reaction might lead to giant protein molecules and do harm to the 
structure enzyme. It turned out that the immobilization procedure should be 
performed at pH 6.4. 
Fig. 4f shows the influence of adsorption temperature (15-35 
o
C) on 
co-immobilized CAT&GOD. The optimum temperature was 25 
o
C which was no 
different to that of soluble GOD&CAT. Temperature affected not merely the 
adsorption rate but also the conformation of enzyme. When the temperature was 
below 25 
o
C, adsorption rate was the main constraint. With increasing temperature, 
the diffusion of protein into the pore of amino resin can be accelerated, facilitating 
the process of immobilization (Kumar & Kumar, 2005; Zhuang, Zhang, Zhu, An, 
Li, Mu, et al., 2016). On the other hand at the temperature above 25 
o
C, 
thermos-stability of the conformation of enzymes turned to be the main restraint.  
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Fig. 5. (a) FTIR spectra and (b) TG thermograms of HA (black line), HA-Glu 
(red line), HA-Glu-CAT&GOD (blue line).  
 
To study the viability during the process of glutaraldehyde-activation and 
co-immobilization, FT-IR spectra in the range of 4000-400 cm
-1 
was recorded. Fig. 5a 
shows the vibrational frequencies and their respective roles in the framework of the 
samples: the FTIR spectra recorded for all samples are typically dominated by the 
C-H vibration at 2940 cm
-1
; the C=O asymmetric stretching at 1750 cm
-1
; this reveals 
the existence of a dense network of polyacrylate . After activation of glutaraldehyde, 
the reduction of strength of primary amine (-NH2) at around 3500 cm
-1 
and -CHO at 
1730 cm
-1
 indicated the successful introduction of Glu-space-arm. Furthermore, in the 
FTIR spectra of HA-Glu and HA-Glu-CAT&GOD, the vanished peaks at 1730 cm
-1 
(-CHO) and the enhanced adsorption intensity of -NH2 at 3500 cm
-1 
were observed 
made it clear that enzyme molecular was resoundingly immobilized on HA-Glu via 
chemical bonding between -NH2 of enzyme and aldehyde group of the carrier.  
TGA of samples during the procedure of adsorption was performed to verify the 
thermal stability and the decomposition pattern of the samples as a function of 
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temperature. The decomposition can be divided into three stages as shown in 
thermograms, Fig. 5b.  
Table S3 described the weight loss of main stages of materials based on the 
decomposition manner. The total mass loss of HA, HA-Glu, HA-Glu-CAT&GOD is 
88.15%, 79.56%, 72.08% respectively. And the decrement in the procedure of 
immobilization is attributed to the char residue of amino acids in pure protein 
(Kebelmann, Hornung, Karsten, & Griffiths, 2013).   
 In the biochemical reaction system, the selection of reactor configuration 
depends on the mechanical properties of the support and the type of reaction.  
The impact of substrate content on catalytic efficiency of enzyme was 
investigated as described in Fig. S1a. 100 g immobilized enzyme were reacted with 
2 L glucose solution with concentration of 50-300 mg·mL
-1 
for 12 h. The 
consequence illustrated that sodium gluconate yield is basically proportional to the 
glucose content, and the relative activity showed the opposite trend. The following 
may account for it: high substrate concentration may lead to substrate inhibition, 
which has negative effect on the enzymatic reaction rate. Consequently, the optimum 
glucose concentration used in our work was 100 mg·mL
-1 
with conversion of 95% in 
12 h.  
The oxidation reaction of glucose by GOD is known as an oxygen consumption 
process with molecular oxygen as an electron acceptor (Y. Zhang, Tsitkov, & Hess, 
2016). 100 g immobilized enzyme were immersed into 2 L glucose solution (100 
mg·mL
-1
) for 12 h with various ventilatory capacity of O2 ranging from 2 to 12 
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L·min
-1
. As shown in Fig. S1b, the high the aeration rate can reduce the 
concentration of residue glucose. That is to say, dissolved oxygen (DO) 
concentration is one main restrictive condition to determine the final catalytic 
ability of GOD on certain conditions.   
 
Fig. 6. Performance of co-immobilized CAT&GOD on pristine HA-Glu: (a) pH 
optima; (b) temperature optimum; (c) plots of Lineweaver-Burk for soluble and 
co-immobilized bienzyme; (d) reusability of co-immobilized CAT&GOD in sodium 
gluconate production; (e) acid-resistivity of co-immobilized CAT&GOD in gluconic 
acid production.  
 
To study the impact of pH on soluble and immobilized CAT&GOD, hydrolysis 
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reaction was studied with 40 mg·mL
-1
 glucose in the substrate at different pH values 
from 4.0 to 7.5 at 30
 o
C. As seen in Fig. 6a, the catalytic ability of immobilized 
CAT&GOD was dramatically higher than the other especially in acidic range, 
indicating the effectiveness of immobilization. Meanwhile, the optimum pH values 
for the soluble and immobilized CAT&GOD are 6.5 and 6.0, respectively. The amine 
or imines groups of HA-Glu near enzyme active site diminish proton concentration in 
the solution during immobilization, leading to a diffusion layer of hydroxyl in the 
specific microenvironment (Kuchler, Yoshimoto, Luginbuhl, Mavelli, & Walde, 2016). 
To achieve expired activity, a lower optimal pH was desired for the immobilized 
CAT&GOD.  
The reaction temperature (20-40 
o
C) of soluble and immobilized CAT&GOD 
was examined in a substrate with 40 mg·mL
-1
 glucose as shown in Fig. 6b. The 
optimal temperature of HA-Glu-CAT&GOD is 30 
o
C, 5 
o
C higher than that of soluble 
CAT&GOD. Earlier studies have revealed that immobilization had negative influence 
on enzyme, such as strengthened steric hindrance and reduced flexibility. To 
overcome the energy barrier, the optimum temperature of HA-Glu-CAT&GOD shifted 
to higher, due to moleculars in high temperature had alto frequency of collision and 
high kinetic energy (J. Zhang, et al., 2013).  
The apparent kinetic parameters Km and maximum reaction velocity Vmax of 
soluble and immobilized CAT&GOD were calculated as a function of 
Michaelis-Menten equation [ref]. The fitting curve of Lineweaver-Burk decribed the 
reaction rate versus initial substrate concentration, as shown in Fig. 6c. The 
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experimental data matched well to the model equation with a correlation coefficient 
(R
2
) over 0.99. It is apparent that the Km value of immobilized enzyme 
HA-Glu-CAT&GOD was 9.42 mmol·L
-1
, 2.88 times higher than that of soluble one. 
Meanwhile, Vmax of HA-Glu-CAT&GOD was 6.68 mmol·L
-1
·min
-1
, which is slightly 
lower than that of soluble enzyme (7.45 mmol·L
-1
·min
-1
). The low substrate affinity 
and reaction rate of HA-Glu-CAT&GOD could be attributed to the increased 
diffusional limitations and reduced enzyme flexibility caused by the conformation 
change after covalently immobilization (Barbosa, Ortiz, Berenguer-Murcia, Torres, 
Rodrigues, & Fernandez-Lafuente, 2014; J. Zhang, et al., 2013).  
It is generally agreed that regeneration and reusability are the essential 
characteristics of immobilized enzyme for their industrial applications. Therefore, 
regeneration and reusability of CAT&GOD were studied and summarized in Fig. 
6(d, e). As in Fig. 6d, no significant decrease in the activity of 
HA-Glu-CAT&GOD was observed in the production of sodium gluconate and 92% 
of the initial activity was maintained after 24
th
 repeated cycling operations. As 
reported previously, multipoint immobilization via amino group and 
glutaraldehyde led to improved stabilization of enzyme and higher operational 
stability (Barbosa, Ortiz, Berenguer-Murcia, Torres, Rodrigues, & 
Fernandez-Lafuente, 2014). Thus the high cycling stability illustrats the method is 
economic and technical feasible in the industrial production of sodium gluconate.  
Furthermore, in the production process of gluconic acid, the changed pH of 
reaction system into acidic region would eventually affected the ionization state of 
the amino acids in the active site and activity of enzyme (Bankar, Bule, Singhal, & 
Ananthanarayan, 2009). To evaluate the potentials of HA-Glu-CAT&GOD in 
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industrial production of gluconic acid, acid-resistivity was determined by 
calculating the relative activity of each cycle without pH adjustment . The results 
of 12
th
 cycles were presented in Fig. 6e. HA-Glu-CAT&GOD maintained 93% of 
its intial activity after 12 reuses. The CAT&GOD immobilized on amino resin via 
chemical crosslinking with higher acid-resistivity have broad industrialization 
applications prospect in the production of gluconic acid.  
 
Conclusions  
For sake of better enzyme loading and activity at the same time, 
co-immobilization of CAT and GOD were investigated in details. The maximum 
capacity of GOD and CAT are 24.18 and 14.33 mg·g
-1
, respectively, due to their 
dimensional discrepancies. An alternative to the controlling of the relative location of 
each enzyme is to arrange their adding sequence. The simultaneous co-immobilized 
enzyme exhibited better catalytic activity than sequential ones. Taking the catalytic 
activity of HA-Glu-CAT&GOD as 100%, the activity of sequential ones 
maintained 85% and 69% for HA-Glu-CG and HA-Glu-GC, respectively. 
Furthermore, CAT&GOD immobilized on glutaraldehyde cross-linked mesoporous 
resin (HA) was fairly stable and showed 1.80 and 1.22 times higher catalytic activity 
than that of samples from adsorption-crosslinking and 
crosslinking-adsorption-crosslinking.  
The optimal medium conditions, kinetics, reusability and acid-resistance of the 
enzyme were also examined to further evaluate the characteristics of the immobilized 
enzyme. Slight activity reduction was observed in the optima pH profile from 6.5 to 
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6.0, while optimum temperature was improved after immobilization. The major 
superiority of the HA-Glu-CAT&GOD is its operational stability and acid-resistance. 
As is known to all, the catalytic productivity of the system in NBS fermentation tank 
was highly related to the oxygen content. The conversion of glucose under adequate 
air by immobilized CAT&GOD sustained more than 90% after 24 catalysis production 
of sodium gluconate and 12 catalysis production of gluconic acid. In brief, the 
prepared HA-Glu-CAT&GOD on appropriate porous carrier expresses admirable 
catalytic property and the finding here could offer original strategy to co-immobilize 
biomolecules in some chemistry and food applications.  
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Efficient one-step production of gluconic acid was achieved. 
Adsorption capability of GOD and CAT was 24.18 and 14.33 mg·g
-1
, respectively. 
Co-localized GOD&CAT sustained the activity more than 90% after repeated 
utilization. 
The matching between dimensions of enzymes and hierarchical pore size of carriers 
are critical. 
 
 
 
